Cross-control of a material property -manipulation of a physical quantity (e.g., magnetisation) by a nonconjugate field (e.g., electrical field) -is a challenge in fundamental science and also important for technological device applications. It has been demonstrated that magnetic properties can be controlled by electrical and optical stimuli in various magnets. Here we find that heat-treatment allows the control over two competing magnetic phases in the Mn-doped polar semiconductor GeTe. The onset temperatures T c of ferromagnetism vary at low Mn concentrations by a factor of five to six with a maximum T c ≈ 180 K, depending on the selected phase. Analyses in terms of synchrotron x-ray diffraction and energy dispersive x-ray spectroscopy indicate a possible segregation of the Mn ions, which is responsible for the high-T c phase. More importantly, we demonstrate that the two states can be switched back and forth repeatedly from either phase by changing the heat-treatment of a sample, thereby confirming magnetic phase-changememory functionality.
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Among them, heat is a particularly important stimulus since it allows for the manipulation of the state of matter through its ability to alter the free energy landscape of a system and to realize a metastable state, depending on cooling kinetics. One such example is a switching phenomenon between (atomic) amorphous and crystal phases as observed in GeTe-related materials, [8] [9] [10] or between charge-glass and charge-crystal phases in organic materials, 11 where optical reflectivity or electrical resistivity of the system changes significantly, depending on which phase is realized (namely, depending on the cooling speed after the heat injection). This phenomenon in GeTerelated materials is applied as phase-change memory in digital versatile disks (DVD). 9, 12, 13 In addition to the phase-change memory function, GeTe exhibits various intriguing properties, such as a many-valley band structure, 14, 15 superconductivity, 16, 17 and thermoelectricity. [18] [19] [20] [21] [22] The p-type charge carriers in this system are unintentionally self-doped due to Ge vacancies. 23 It also exhibits a ferroelectric transition at approximately 700 K, where the structure changes from its high-temperature cubic (Fm3m; β−GeTe) to the low-temperature rhombohedral phase (R3m; α−GeTe), [24] [25] [26] [27] [28] [29] with a polar distortion along the cubic [111] direction [see Fig. 1 (a) ]. Recently the system was predicted 30, 31 and found 32, 33 to exhibit a giant Rashba spin-splitting in the bulk, associated with broken inversion symmetry and large spin-orbit interaction.
GeTe also offers the possibility of enhanced magnetic interactions and applicability in spintronics devices: Magnetism is induced in GeTe when doping with Cr, Mn, or Fe at the Ge site, [34] [35] [36] [37] [38] [39] forming a family of diluted magnetic semiconductors similar with (GaMn)As or (Ga,Mn)N. [40] [41] [42] [43] [44] Recently, the possibility of multiferroicity has been claimed in this multifunctional system due to the coexistence of magnetism and ferroelectric distortion. 45 Among the GeTe-based doped systems, Ge 1−x Mn x Te has been intensively studied. Single-phase GeTe -MnTe solid solutions exist over a broad range of concentration up to x 0.5. 46 The partial substitution of Ge 2+ with isovalent Mn 2+ reduces the ferroelectric distortion and stabilises the cubic phase. The opposite end member MnTe is an antiferromagnet crystallizing in a different structure with the hexagonal space group P63/mmc. The onset temperature T c of magnetic order was reported to increase linearly with x with maximum values around 165 K for x = 0. 35, 41, 43 In this Article, we focus on the low-doped region of the phase diagram x ≤ 0.2 for bulk Ge 1−x Mn x Te, where we found a feature which had been overlooked so far. As shown in Fig. 1 (b) , there are two distinct magnetic phases, depending on the heat-treatment of the samples, with rather different values of T c , called herein low-T c and high-T c phase. The origin of the high-T c phase was identified as the formation of Mn-rich / Mn-poor regions in terms of state-of-the-art synchrotron
x-ray diffraction and energy dispersive x-ray analysis. We also successfully demonstrated that samples can be repeatedly switched from the low-T c into the high-T c phase and vice versa by changing the heat treatment. The latter adds another interesting feature to the multifunctional semiconductor GeTe, namely magnetic phase-change-memory functionality.
Results
The magnetic phase diagram of Ge 1−x Mn x Te based on our present results is shown in Fig. 1 (b) . (ii) Above x m ∼ 0.12, the two different phase boundaries merge, and upon further increasing x m , we do not observe apparent differences any more between samples from batches heat-treated in either way. As in the low-T c phase, T c increases linearly with x m , although the slope is somewhat smaller than observed for x m ≤ 0.12. For a better comparison, the normalized values of the peaks are replotted against the frequency in panel (e) on a logarithmic scale. Apparently the frequency dependence is much stronger for the controlled-cooled low-x m sample which shows a peak suppression of about 40 %. In contrast, the three other samples exhibit a very similar frequency dependence and the respective suppression of the peaks is less than 15 %. A frequency dependence of the peak heights in AC susceptibility is a characteristic feature expected for a glass-like magnetic state. 50 Another common approach to analyse such AC susceptibility data is to examine the frequency dependence of the peak temperature T max . 51, 52 We estimated T max for the controlled-cooled sample with x m = 0.052 shown in Fig. 2 (b) (blue data symbols) for all measured frequencies 1 Hz ≤ ν ≤ 900 Hz and fitted the
] to these data as described in Ref. 51 . Although the fit result (not shown) is not perfect at low frequencies, it describes well the data at higher frequencies and resembles the behavior reported for metallic RKKY-spin glasses rather than systems in which the spin glass phase emerges due to geometrical frustration. 51 All the AC-and DC-magnetic data taken together, the controlled-cooled low-x m sample exhibits a more spin-glass-like or clustered magnetic structure while the magnetic phases of both larger-x m and the low-x m quenched samples are similar to an ordinary ferromagnet. One possible scenario is a segregation of the magnetic Mn ions in the low-x m high-T c sample during the controlledcooling process. The high-T c phase is characterized by Mn-rich islands or clusters embedded into a lake or matrix of relatively Mn-poor GeTe, as it is expected if a spinodal decomposition occurs, 41, 53, 54 while the low-T c phase consists of a more homogeneous Mn distribution.
To test this scenario and further characterize the different magnetic phases, we carried out a high-resolution x-ray diffraction study employing synchrotron radiation with the wavelength of 0.5001(1) Å. The main result is shown in Fig. 3 . As before, controlled-cooled and quenched powder samples from both the low-x m and the large-x m sections in the phase diagram were analysed:
The differences in the magnetic phases are reflected in differences in the XRD patterns. However, for controlled-cooled samples with smaller x m , i.e., below the grey-shaded area in the phase diagram, the situation turns out to be much more complicated. As can be seen in panel (b), the 104 h reflection has split into two broader peaks with lower intensity. We note that we also observe similar splittings of other reflections (hkl h ) with non-zero l h value, indicating that this splitting is not due to an impurity phase. At the same time the 110 h peak also broadens. Keeping in mind that the 104 h reflection provides information about the degree of the rhombohedral distortion, we interpret the apparent double-peak structure as an indication that controlled-cooled low-x m sample consists of domains with different degrees of rhombohedral distortion while obeying the same overall crystal symmetry. In the present case, we assume domains with two main distortions and label the two peaks in Fig. 3 (b) as 'R1' and 'R2' for simplicity. The former domain R1 is strongly distorted, close to the situation in pristine GeTe while the latter exhibits a smaller distortion which implies that the R2 component has a larger Mn concentration, naturally supporting the aforementioned scenario of a slow-cooling triggered spatial inhomogeneity of the Mn distribution.
In Fig. 3 (e The appearance of Mn inhomogeneity and different rhombohedral distortions in this system suggest that a spinodal decomposition occurs in the low-Mn-concentration region when a sample is cooled down slowly: A uniform solid solution becomes unstable against composition modulations upon cooling. [53] [54] [55] We note here that this process is totally different from the structural phase change between crystalline and amorphous. The highest temperature which the samples experience during the heat-treatment process is 900 K, which is well below the melting temperature of Ge 1−x Mn x Te. Such a nanoscale phase separation is discussed in related compounds, and means that the spin subsystems undergo a segregation, i.e., regions with an either high or low concentration of the magnetic dopant are formed. It is also known that the degree of inhomogeneity in diluted magnetic semiconductors can indeed influence the strength of the ferromagnetic interaction and strong inhomogeneity may significantly increase T c . 53, 56 Moreover it was reported that the ferromagnetic transition temperature can vary depending on the heat-treatment, as, e.g., in the text-book diluted magnetic semiconductor (Ga,Mn)As, 40 but the mechanism is different from the spinodal decomposition proposed here for. In the case of (Ga,Mn)As, the annealing largely affects the amount of interstitial Mn ions, resulting in the difference of T c . In the present case, however, 8 the almost identical properties in the high-x m region among the samples treated in either thermal process indicate that interstitial Mn ions, if any, play a rather minor role in governing the magnetic properties (although the effect of interstitial Mn ions should be investigated in detail in the future).
Therefore, the magnetic phase change functionality reported here was never identified before.
It was theoretically found that nanoscale spinodal decomposition in diluted magnetic semiconductors can lead to large values of T c in cases where there is only a short-range magnetic exchange interaction. 53, 57 We speculate that the high-T c values reported for thin films [47] [48] [49] are actually belonging to the here-reported bulk high-T c phase (while the low-T c phase line is probably the one which was observed and reported in the old literature Ref. 35 ). High T c values are only reported for thin films with small x which were grown at comparably low temperatures < 620 K, 48, 49 i.e., in the same temperature window which was found in this study to trigger the formation of the high- One might speculate whether it could also be possible to gain control over the magnetic-phaseswitching process by electronic means, i.e., whether it is possible to switch the magnetic phases by electric fields utilising the ferroelectric distortion which sets in upon cooling through ∼ 700 K.
Unfortunately the semiconductor GeTe is a fairly good metal with room-temperature values of the longitudinal resistivity of a few 100 µΩcm and unintentionally self-doped charge carrier concentrations n of the order of 10 21 cm −3 . To drive the magnetic phase change by electrical fields, one has to reduce n. Mn doping alone does not seem to reduce n sufficiently, at least in the doping range 
